The outer segments of cones serve as light detectors for daylight color vision, and their dysfunction leads to human blindness conditions. We show that the cone-specific disruption of DGCR8 in adult mice led to the loss of miRNAs and the loss of outer segments, resulting in photoreceptors with significantly reduced light responses. However, the number of cones remained unchanged. The loss of the outer segments occurred gradually over 1 month, and during this time the genetic signature of cones decreased. Reexpression of the sensory-cell-specific miR-182 and miR-183 prevented outer segment loss. These miRNAs were also necessary and sufficient for the formation of inner segments, connecting cilia and short outer segments, as well as light responses in stem-cell-derived retinal cultures. Our results show that miR-182-and miR-183-regulated pathways are necessary for cone outer segment maintenance in vivo and functional outer segment formation in vitro.
INTRODUCTION
Vertebrate image-forming vision relies on two types of photoreceptors, cones and rods, which capture light using their outer segment, an organelle with a stack of membrane disks that host the photopigments. The light-induced signal travels via an intracellular route, including the connecting cilium, the inner segment, the cell body, the axon, and the axon terminal, before it is transmitted to downstream retinal cells. The connecting cilium is a microtubule-containing structure that is anchored to a basal body derived from a centrosome, and it connects the mitochondria-rich inner segment and the outer segment (Pearring et al., 2013) . The outer segment is dynamically renewed: new membrane folds are added from the end that interfaces the connecting cilium, and old membrane folds are phagocytized by pigment epithelial cells from the other end (Mustafi et al., 2009) .
Cones are less sensitive to light than rods and, therefore, operate at higher light intensities, characteristic of daytime, while rods are used during nighttime conditions. In humans, high-resolution daylight vision, which is necessary for reading and for recognizing faces, depends almost entirely on cones. The loss of cone outer segments or their function in adulthood occurs in many photoreceptor diseases and can lead to blindness (Lé veillard and Sahel, 2010; Sahel and Roska, 2013) . To preserve these organelles, or to regenerate them, entirely or partially (Thompson et al., 2014) , requires knowledge of the molecular pathways that control their maintenance in healthy adults (Lé veillard and Sahel, 2010) .
MicroRNAs (miRNAs) are posttranscriptional repressors of gene expression. Their biogenesis occurs in two steps. The primary RNA transcripts, pri-miRNAs, are cleaved by the Drosha/ DGCR8 complex into pre-miRNAs, which are further processed by Dicer to become mature miRNAs (Krol et al., 2010a) . In animals, the majority of investigated miRNAs base pair imperfectly with messenger RNA (mRNA) sequences in the 3 0 UTR, which leads to translational repression, deadenylation, and degradation of target mRNAs. miRNAs function as part of ribonucleoprotein (RNP) complexes, miRNPs, with the best-characterized components of miRNPs represented by proteins from the Argonaute (AGO) and GW182 families.
The lack of all, or particular, miRNAs during development leads to various defects in the retina (Sundermeier and Palczewski, 2012) , including retinal degeneration (Damiani et al., 2008; Lumayag et al., 2013; Zhu et al., 2011) or cone death (Sanuki et al., 2011) . Targeted disruption of Rncr3, the dominant source of miR-124, alters the maturation of cone photoreceptors, which results in increased apoptosis and improper cone migration (legend on next page) Neuron miRNAs Maintain Adult Photoreceptor Outer Segments (Sanuki et al., 2011) . A transgenic anti-miRNA ''sponge'' mouse model that reduced the activities of all three miRNAs in the miR-183/96/182 cluster, which is mainly expressed in sensory neurons (Xu et al., 2007) , showed increased bright-light-induced retinal degeneration, although neither morphological nor functional differences have been observed under laboratory lighting conditions between transgenic and wild-type mice (Zhu et al., 2011) . Characterization of a mouse line in which a gene-trap construct was inserted downstream of the first exon of the miR-183/96/182 gene revealed an almost complete lack of all three miR-183/96/182 cluster miRNAs in the retina. This mouse line showed age-dependent retinal degeneration, as well as increased susceptibility to light damage. Functional defects have been observed at the photoreceptor synapse at 5 weeks of age, while photoreceptor dysfunction was detectable in 6-month-old animals. Analysis of gene expression at times when there was no detectable histological evidence of retinal degeneration identified decreased expression of genes involved in synaptogenesis as well as in cone phototransduction (Lumayag et al., 2013) . Another study (Jin et al., 2009 ) did not find any obvious defect in mice with a knockout of only miR-182, possibly because of developmental compensation since miR-182 and miR-183 have similar seed sequences.
So far, all studies relating the effects of specific miRNAs to retinal structure and function have been performed in animal models in which genetic manipulation has led to miRNA changes during both development and adulthood. Many of these studies, which have been performed cell-type-nonspecifically, concluded that the developmental loss of specific miRNAs leads to photoreceptor degeneration.
How miRNAs contribute to the function of adult cones is not understood. To address this question, we developed a mouse model in which miRNA depletion occurs specifically in cones, after the full development of the retina. We used this model to dynamically follow the subcellular structure, function, and transcriptome of cones. We found that the depletion of miRNAs in adult cones led to two major changes. First, the cone outer segments were lost and, therefore, the light responses of cones were significantly reduced. The loss of the outer segments occurred gradually over a 1-month period. However, cones did not degenerate, the number of cone cell bodies did not change when most of the outer segments were lost, and apoptotic markers did not increase. Importantly, the reexpression of the sensory-cell-specific miR-182 and miR-183 in cones prevented outer segment loss. Second, the genetic identity of cones, quantified by the expression of cone-specific genes, decreased significantly after miRNA depletion.
Furthermore, we found that miRNAs of the miR-183/96/ 182 cluster accelerated the formation of photoreceptor distal structures, such as the inner segments and connecting cilia, in embryonic stem (ES)-cell-derived retinal cultures. Remarkably, in ES-cell-derived cultures, these miRNAs also induced the formation of short outer segments that contained a stack of membrane disks, which are characteristic structures of outer segments in normal photoreceptors. The miRNA-transduced photoreceptors of ES-cell-derived cultures responded to light with the same response polarity, i.e., hyperpolarization, as normal photoreceptors. Our findings suggest that miR-183/96/ 182 cluster miRNAs regulate the supply of molecular components to the apical membranes of photoreceptors in order to control the maintenance of outer segments.
RESULTS

Depletion of miRNAs in Adult Cones Leads to the Loss of Outer Segments
To deplete miRNAs from adult cones, we genetically disrupted the Drosha/DGCR8 miRNA-processing machinery by crossing mice with conditional null Dgcr8 alleles (Yi et al., 2009 ) and mice expressing Cre recombinase postnatally specifically in cones (D4-Cre; Le et al., 2004) . We call the mouse line that is homozygous for the conditional null Dgcr8 allele and heterozygous for the Cre allele C-DGCR-KO. The morphology of cones in the C-DGCR-KO mice was revealed by crossing it with the reporter mouse line (Ai9; Madisen et al., 2010) conditionally expressing fluorescent tdTomato protein. D4-Cre mice or D4-Cre mice crossed with Ai9 mice, served as ''wild-type'' controls. We expressed various genes specifically in C-DGCR-KO or wild-type cones by infection with conditional adeno-associated viral vectors (AAVs). Cones were examined in retinal sections, in retinal whole mounts, and in isolation after fluorescence-activated cell sorting. We detected Cre expression earliest at postnatal day 6 (P6) (Figure S1A available online). However, at P30, a time when the retina is fully developed, immunohistochemistry revealed no appreciable difference in DGCR8 signal between C-DGCR-KO and wild-type cone nuclei ( Figures S1B-S1D) . Quantitative western blot analysis of isolated cones showed 43% DGCR8 levels compared to wild-type ( Figure 1A ), but the Figure S1 . levels of mature miRNAs decreased by only 20%-25% (Figure 1B) . The slow depletion of DGCR8 protein (and consequently the miRNAs) is likely due to its high stability. DGCR8 stability is known to be modulated by its phosphorylation and interactions with other proteins (Cheng et al., 2014; Han et al., 2009; Herbert et al., 2013) : these phenomena possibly also stabilizing the protein in cones.
At P30, cone morphology and their opsin-labeled (OPN1SW and OPN1MW) outer segment distribution in whole-mount retinas assayed by immunohistochemistry, the opsin mRNA and protein levels in isolated cones tested by quantitative PCR (qPCR) and western blot, and cone function tested in vivo using electroretinography were similar in C-DGCR-KO and wild-type mice ( Figures 1C-1H and S1E-S1H). The observation that adult cones of C-DGCR-KO mice at P30 had nearly normal mature miRNA levels ( Figure 1B ), as well as normal structure and function (Figures 1 and S1 ), indicated a proper development and functional maturation of cone photoreceptors and allowed us to investigate the effect of progressive loss of mature miRNAs in adult cones.
In contrast to P30, DGCR8 immunostaining in cone nuclei was not detectable on retinal sections at P60 ( Figure S1B ) and amounted to only 18% of wild-type levels in a western blot analysis of isolated cones ( Figure 1I ). Moreover, miRNA levels in isolated P60 C-DGCR-KO cones, tested by qPCR, were 95% lower than in wild-type cones ( Figure 1J ; see also below). Hence, at P60 the DGCR8 function was largely lost and, consequently, miRNAs were depleted from cones. Importantly, in this miRNAdepleted cone state, we found that the number of cone outer segments labeled with cone opsins was reduced by 90% (Figures 1K-1M ). Opsin mRNA and protein expression in isolated cones were also markedly reduced ( Figures 1M, 1N , and S1F). Since the number of cones counted in whole-mount retinas was similar in C-DGCR-KO and wild-type mice (Figures S1G and S1H), the loss of opsin staining was not due to the death of cones.
Outer segments and opsin expression are important for light detection. We therefore tested the ability of the P60 C-DGCR-KO retina to respond to light stimuli in vivo and ex vivo. In vivo, cone-mediated photoresponses were significantly reduced compared to wild-type and P30 C-DGCR-KO retinas ( Figures  1O and 1P ). Similar to in vivo recordings, ex vivo single ganglion cell responses measured using whole-cell patch clamp at high light levels, reflecting cone vision, were significantly reduced ( Figure S1I ). Therefore, by P60 the majority of cones from C-DGCR-KO mice had lost their opsin expression and become nonfunctional but had not died.
To reveal fine morphological changes in the P60 opsin-less cones, we reconstructed 50 3 50 3 170 mm 2 cubes of the outer retina of P30 and P60 C-DGCR-KO and of P60 wild-type mice using serial block-face scanning electron microscopy (EM) (Denk and Horstmann, 2004) . This allowed us to visualize cones and rods at the ultrastructural level in 3D (Figures 2A and 2B ). Cones could be distinguished from rods based on a number of criteria (Carter-Dawson and LaVail, 1979) , the most robust being the organization of heterochromatin in the nucleus (Solovei et al., 2009 ) (Figures S1C, S1D, and S2A-S2C). All P60 C-DGCR-KO cones lacked outer segments ( Figures 2B-2D ). The diameter of inner segments was larger than in wild-type mice (Figures 2B and 2C), and we detected oversized mitochondria (Figures 2B and S2D) . Cone cell bodies and their nuclear organization were intact and did not appear to be different from wild-type ( Figures  2A, 2B , and S2C). Cone morphology in P30 C-DGCR-KO mice and rod photoreceptor morphology in both P30 and P60 C-DGCR-KO mice appeared normal (data not shown), with the exception of the enlarged mitochondria in P30 C-DGCR-KO cones ( Figure S2C ). To determine the time course of outer segment loss, we 3D-reconstructed the outer retina at 10-day intervals between P30 and P60. P30 C-DGCR8-KO cone outer segments had similar length to wild-type, but at subsequent time points they shortened in a linear fashion until they became undetectable at P60 (Figures 2E and 2F) . This indicates that DGCR8-dependent pathways are necessary to maintain cone outer segments in adult mice.
To test whether the loss of opsin can be prevented when outer segments are shortening, we reintroduced Dgcr8 to P45 C-DGCR-KO cones via conditional AAV-mediated delivery (Figure 3A) . At P90, DGCR8 and opsin protein levels in cones were significantly higher in AAV-infected C-DGCR-KO retinas than in uninfected control retinas, and opsin localized to the distal tip of cones (Figures 3B and 3C) . Therefore, the reexpression of DGCR8 was sufficient to reinitiate opsin expression and to target this protein to the distal compartments of cones.
miR-182 and miR-183 Are Sufficient for the Maintenance of Outer Segments
The lack of DGCR8 could cause defects either through miRNAdependent or -independent pathways (Macias et al., 2012) . If the loss of outer segments was due to miRNA deficiency, reexpressing the relevant miRNA in the absence of DGCR8 should prevent the loss. We used next-generation sequencing of RNA from isolated wild-type P60 cones to determine the most highly expressed miRNAs as candidates for controlling outer segment maintenance. We then designed a strategy to express miRNAs in the absence of DGCR8 in vivo. The expression pattern of miRNAs was highly uneven, with a single miRNA, miR-182, representing 64% of all miRNA reads ( Figure 3D ). Only four other miRNAs were found in more than 1% of reads. Since miR-182 and miR-183 (third most abundant, 4% of reads) are processed (jointly with miR-96) from the same primary transcript and have Neuron miRNAs Maintain Adult Photoreceptor Outer Segments related seed sequences (Karali et al., 2007; Ryan et al., 2006; Xu et al., 2007) , we expressed these two together. We also expressed miR-124, since a lack of miR-124 during development has been shown to lead to the loss of opsin expression and to cone death (Sanuki et al., 2011) . To bypass the need for Drosha/DGCR8, we generated short hairpin RNAs resembling premiRNAs (sh-miRs), which only need Dicer to produce mature miRNA mimics ( Figures 3E, S3A , and S3B). We verified that expression of these sh-miRs in HEK293 cells leads to the specific repression of reporter mRNAs bearing miRNA sites ( Figures  S3C-S3F ). Next, using conditional AAVs, we expressed either miR-182/183 or miR-124 mimics specifically in C-DGCR-KO cones at P30. miR-182/183, but not miR-124, mimics prevented the loss of outer segments and cone opsins at P60 (Figures 3F-3H ). Expression of miR-182/183 mimics in C-DGCR-KO mice did not increase the level of other tested miRNAs ( Figure 3I ), indicating that the availability of miR-182/183 was sufficient to maintain outer segments. We investigated whether reexpression of miR-182/183 mimics can rescue outer segment loss and opsin expression in C-DGCR-KO cones. We administered AAVs expressing the miR-182/183 mimics at P60, i.e., after the loss of the outer segments. Inspection of mouse retinas at P90 indicated that outer segments were not restored ( Figure S4A ). Expression of Argonaute (AGO) proteins is often coregulated with the cellular availability of miRNAs (Martinez and Gregory, 2013) , and we found that Argonaute levels were indeed strongly decreased in C-DGCR-KO mice at P60, when cones are depleted of miRNAs ( Figure S4B ). Since without Argonautes the miRNA mimics could not function, we attempted to regenerate outer segments by AAV-mediated coexpression of both miR-182/183 mimics and AGO2 at P60. Although this manipulation did not restore outer segments, it significantly increased opsin protein levels in the distal part of cones in AAV-infected C-DGCR-KO P90 retinas compared to controls ( Figures S4C and S4D ).
Depletion of miRNAs Leads to the Gradual Loss of the Genetic Identity of Cones
To gain a mechanistic insight into the altered molecular pathways that lead to outer segment loss and decreased opsin expression, we followed the dynamics of changes in miRNA and mRNA expression in cones between P30 and P90. We isolated cones from C-DGCR-KO and wild-type mice at five time points, P30, P40, P50, P60, and P90, and performed miRNA qPCR, next-generation RNA sequencing (RNA-seq), and mRNA array experiments using RNA obtained from the isolated cones. We first confirmed that the levels of miRNAs gradually decreased in C-DGCR-KO cones, reaching 1%-3% of starting values at P90 ( Figure 4A ). As expected, the decrease in mature miRNAs was accompanied by an accumulation of respective pri-miRNAs ( Figure 4B ). Next, we followed mRNA expression in the same time window. Surprisingly, comparing gene expression at P30 and P60 in isolated C-DGCR-KO cones showed that 96.7% (RNA-seq; Figures 5A, S6A, and S6B ) or 99.7% (mRNA arrays; Figure S5A ) of expressed genes changed less than 2-fold; the vast majority of genes involved in regulation of apoptosis belonged to this category ( Figures 5B and S5B) . A small set of genes was, however, up-or downregulated more than 2-fold.
We first looked into the downregulated genes, unlikely to represent primary miRNA targets, which act as negative regulators of gene expression. To determine whether downregulated genes were members of known pathways, we performed molecular pathway analysis of these genes. This analysis identified the genes from the phototransduction pathway as significantly downregulated ( Figures 5C, 5D , S5C, and S5D), whereas genes related to synaptic transmission were not affected significantly ( Figures S6A-S6F) . In order to get a dynamic picture of the changes, we plotted the expression of the phototransduction pathway genes as a function of time in C-DGCR-KO and wildtype mice from P30 to P90 ( Figures 5C-5E and S5C-S5E). In C-DGCR-KO cones, several phototransduction genes followed the same time course: unchanged or even upregulated at P40 and decreasing gradually between P50 and P90. We then investigated whether the loss of DGCR8 influences cone-specific genes more generally. A recent screen identified cone-specific genes in adult mice in an unbiased way (Siegert et al., 2012) , and we plotted the expression of these genes as a function of time in C-DGCR-KO and wild-type mice. Remarkably, a large fraction, 34% (RNA-seq) and 38% (mRNA array), of cone-specific genes had been significantly downregulated (Figures 5F-5H and S5F-S5H). The downregulation of cone-specific genes is highly significant, since any randomly selected similar number of genes showed no downregulation but a slight upregulation ( Figures 5H and S5H) . The decrease in expression followed two different time course patterns: most genes showed the same pattern as the five phototransduction genes, while a few genes decreased gradually from P30 to P90 (Figures 5F and  S5F ). The progression of the downregulation of most cone-specific genes was delayed compared to the start of outer segment loss (see Figures 2E and 2F) , making it unlikely that the decreasing expression of these genes is the cause of outer segment loss. The downregulation could be a secondary effect caused by increased expression of genes normally controlled by miRNAs or directly by the Drosha/DGCR8 complex; alternatively, it could be a consequence of outer segment loss via a mechanism that regulates cone-specific gene expression depending on the length of cone outer segments.
To analyze the molecular pathways that can be directly regulated by miR-182 or miR-183 and that therefore cause the loss of outer segments, we first plotted the distribution of relative expression levels of the predicted miR-182 and miR-183 targets compared to levels at P30 ( Figure S7A ). As time progressed from P30 to P90, the relative distribution shifted gradually to the right, showing that the levels of predicted miR-182 and miR-183 targets progressively increased in C-DGCR-KO mice. In wild-type mice, the relative distribution did not change ( Figure S7B ). We then plotted the time course of the expression levels of individual genes, which are upregulated from P30 to P90 and are predicted to be targets of miR-182 (47 genes) or miR-183 (12 genes) (Figures 6A and 6B) . We ordered these genes according to their fold change between P30 and P40, the time window in which the outer segments began to shorten. Among these upregulated and predicted target genes were those encoding components of intracellular membrane trafficking pathways (Wasf2 [Yamashita et al., 2011] , Frmd4a [Ikenouchi and Umeda, 2010] , Snap23 [Veale et al., 2011] , Cd2ap [Kobayashi et al., 2004] , Vamp3 [Kwok et al., 2008] , Fcho2 [Henne et al., 2010] ), one of which has been detected in outer segment proteomes (Vamp3), and others taht lead to increased endocytosis (Cd2ap, Fcho2). Cilium (Esyt1 [Sang et al., 2011] , Kif19a [Niwa et al., 2012] , Gnai3 [Ezan et al., 2013] ), centrosome (Tacc1 [Peset and Vernos, 2008] , Hook3 [Ge et al., 2010] ), and microtubule (Itgb1 [Lei et al., 2012] [Yang et al., 2002] , Npc2 [Deffieu and Pfeffer, 2011] ) were also detected. The presence of multiple genes related to membrane trafficking, lipid metabolism, and cilium formation indicate the complexity of the misregulated network ( Figures 6C, S7C , and S7D).
miR-183/96/182 Cluster Induces the Formation of Short Outer Segments as Well as Light Responses In Vitro
To understand the effect of the miR-183/96/182 cluster expression on photoreceptor cells that have not yet developed distal structures such as inner segments, connecting cilia, and outer segments, we used an in vitro model system in which retinas are formed in 3D cultures of mouse ES cells (Eiraku et al., 2011) . In these in-vitro-built retinas, no outer segments have been detected before (Gonzalez-Cordero et al., 2013) . In control retinas, a well-separated photoreceptor layer, containing mostly rod-like cells, developed by day 25 (n = 5). At this stage, the miR-183/96/182 cluster miRNAs were expressed at a low level (Figures 7A and 7B) , no distal photoreceptor structures were visible, and rhodopsin and peripherin (an outer segment protein [Kevany et al., 2013] ) expression was low and confined to the cell bodies ( Figure 7D ). In agreement with previous work (Gonzalez-Cordero et al., 2013), we detected inner segments at day 35 (n = 7) (Figure 7F) . Importantly, at day 35 the miR-183/96/182 cluster was expressed at a higher level. Rhodopsin and peripherin expression was also higher and was confined to the tip of the inner segments ( Figures 7A and 7D ). To find out whether there is a causal relationship between the miR-183/96/182 cluster expression and the formation of distal photoreceptor structures, we infected the retinal cultures (n = 9) at day 7 with the cluster-expressing AAVs ( Figure 7C ). At day 25, the miR-183/96/182 miRNAs had accumulated at high levels ( Figure 7A ) and we observed a robust outgrowth of inner segments. Rhodopsin was expressed diffusely in the inner segments, and peripherin was localized to the tips of the inner segments ( Figure 7D ).
Next, we used a loss-of-function approach to find out whether the miR-183/96/182 miRNAs were necessary for formation of the inner segments and the rhodopsin/peripherin-positive foci that ''naturally'' appear on day 35. We used a miR-183/96/182-specific ''triple sponge'' construct ( Figure 7E ), which has previously been shown to effectively block miR-183/96/182 activity both in vivo and in vitro (Krol et al., 2010b) . We infected retinal cultures (n = 5) at day 15 with AAVs expressing either the sponge or a control RNA under a rhodopsin promoter. At day 35, no distal photoreceptor structures were observed in retinal cultures infected with the miR-183/96/182 sponge AAVs, in contrast to controls ( Figure 7F ). Taken together, these experiments suggest that miRNAs of the miR-183/96/182 cluster are necessary and sufficient for the formation of distal photoreceptor structures in EScell-derived retinal cultures.
Does the miR-183/96/182 cluster induce outer segment formation and light responses? At day 25, we examined in more detail the distal structures of retinal cultures that were induced by expression of the cluster miRNAs, using 3D EM reconstruction. We found inner segments filled with mitochondria, as well as long connecting cilia. We also detected a small region at the tip of the connecting cilia with electron-dense material. Using high-resolution EM techniques (Supplemental Experimental Procedures), we found that this electron-dense material contained a stack of membrane disks, which are the characteristic structures of normal photoreceptor outer segments ( Figure 8A ). Outer segments were not detected in control retinal cultures. To test whether the short outer segments induced by miR-183/96/182 cluster expression are capable of mediating light responses, we recorded from photoreceptors of the miR-183/96/182-transduced and control ES-cell-derived cultures using whole-cell patch clamp and stimulated the cultures with light ( Figures 8B and 8C) . We recorded lightevoked hyperpolarizing responses in miR-183/96/182-transduced cultures (n = 7) in a large fraction of the recorded cells (29%, 7/24). None of the cells in control cultures responded to light. In conclusion, the miR-183/96/182 cluster induces the formation of short outer segments in ES-cell-derived retinal cultures, which generate light responses with a polarity, hyperpolarization, that matches the response polarity of normal vertebrate photoreceptors.
DISCUSSION
Using an in vivo model system that we set up to study the role of miRNAs in mature cones, we found that the depletion of miRNAs, resulting from the knockout of DGCR8 in adult cones, led to the loss of outer segments. The outer segment loss was prevented by reexpression of miR-182 and miR-183, suggesting that these miRNA species are important for the maintenance of outer segments. We cannot rule out that that other miRNA species may also contribute to this process since overexpressed miR-182/183 may functionally compensate for the loss of these other miRNAs. However, miR-182/183 constitutes 68% of all cone miRNAs, and therefore it is likely that miR-182/183 is a major factor responsible for outer segment maintenance.
The observed phenotype in C-DGCR-KO mice was distinct from the ones reported in previous studies in which the genetic perturbation of specific miRNAs was established during development. We found a gradual loss of outer segments as the miRNA levels decreased between P30 and P60, without any change in the number of cones or any systematic increase in proapoptotic gene expression. Although it is possible that cones degenerate at later times, our data demonstrate that the loss of the outer segment is not caused by an apoptotic process but is controlled independently. Interestingly, a pronounced phenotype caused by the loss of the miR-183/96/ 182 cluster during development is a defect at the synapses and the alteration of genes related to synaptogenesis and synaptic contacts (Lumayag et al., 2013) . We have not found a significant systematic alteration in gene expression related to synapses, even at P90, when comparing C-DGCR8-KO and wild-type animals, suggesting that this aspect of the miR-183/96/182-mediated regulation may occur during development. Previous work has identified a decrease in expression of some cone phototransduction genes, such as Arr3 and Opn1mw, in the miR-183/96/182 cluster knockout animals (Lumayag et al., 2013) . Similarly, we found that expression of these and other phototransduction genes decreased between P30 and P60. Interestingly, the decrease was not limited to the phototransduction cascade genes but also applied to many other genes known to be specifically expressed in cones (Siegert et al., 2012) . Therefore, it appears that in the absence of miR-182 and miR-183, cones largely lose their genetic signature, i.e., the expression of cell-type-specific genes. This change in gene expression was delayed compared to the shortening of outer segments, and it is therefore unlikely that the outer segment loss is due to the aforementioned general decrease in cone-specific gene expression. It is possible that the loss of outer segments induces a feedback signal to the nucleus that reduces the expression of cone-specific genes. Alternatively, these two phenotypes are independent of each other.
Using an in vitro model system, stem-cell-derived retinal cultures, we found that the miR-183/96/182 cluster miRNAs were necessary and sufficient for the formation of inner segments, connecting cilia and short outer segments, as well as lightinduced hyperpolarization. These retinal cultures were grown in the absence of retinal pigment epithelium (RPE), suggesting (F) Sections of the ES-cell-derived retinas at d35 in culture, following infection with control GFP-expressing AAV at d15 (top row); zoomed images of control GFPlabeled distal photoreceptor structures are in a middle row. Sections of the ES-cell-derived retinas at d35 in culture, following infections at d15 with AAV-expressing GFP and miR-183/96/182 sponge (bottom row). n = 5 retinas for each investigated condition. Photoreceptors are labeled for rhodopsin (magenta, left), peripherin (magenta, right), and GFP (yellow), using specific antibodies. Cell nuclei are labeled with Hoechst (white). Scale bars, 20 mm. Error bars, SEM. that the initial formation of outer segment disks may not require a contact with RPE cells. The outer segment formation and light responses in vitro had not been detected in previous studies (Eiraku et al., 2011; Gonzalez-Cordero et al., 2013) and the model system presented here, namely the retinal culture in combination with an AAV expressing the miR-183/96/182 cluster, will allow future mechanistic investigations of both outer segment formation and, when applied to ES cells modified to model retinal diseases, outer segment pathology.
The miR-183/96/182 cluster is needed for the maintenance of cone outer segments in vivo, and for the formation of inner segments, connecting cilia, and outer segments in a developing retina culture model in vitro. Both of these functions could be explained if the effect of the cluster miRNAs is to optimize the supply of molecular components for the assembly of distal photoreceptor structures. The outer segments of both rods and cones are dynamically maintained in adults: the pigment epithelial cells phagocytize the distal membrane disks, and the proximal disks are continuously renewed by the photoreceptors. In adult C-DGCR8-KO cones, a reduced supply of essential outer segment components would lead to an imbalance between the pace of phagocytosis at the distal tip and the formation of new outer segment membrane and protein components at the base of the outer segment. The continued phagocytosis and suboptimal regeneration would lead to a shortening of the outer segments. Similarly, in the photoreceptors developing in vitro, miRNAs of the miR-183/96/182 cluster might control the supply of components to the apical membrane, accelerating the formation of distal structures. Among the upregulated and predicted targets of miR-182 and miR-183 were many genes involved in membrane trafficking, lipid metabolism, and cilium formation pathways. To explain the shortening of the outer segments, one would predict an overall decrease or misregulation in membrane flow toward the distal tip of cones. The increased expression of genes encoding proteins that activate endocytosis provides a possible explanation of a deficiency in membrane flow.
The miR-183/96/182 cluster is also expressed in other sensory organs, not just the retina (Xu et al., 2007) . In hair cells of the inner ear, the miR-183/96/182 cluster miRNAs are expressed in a gradient: high on the apical side and low on the basal side of the cochlea (Groves et al., 2013; Soukup, 2009) . Correlating with this miRNA gradient, the distal structures of hair cells, including the cilium bundle, are longer on the apical than the basal side, and in the Dicer knockout mouse model the residual miR-183/96/182 cluster expression correlates with the extent of hair bundle length (Soukup, 2009) . Therefore the ''increased supply'' mechanism proposed above for retinal photoreceptors may also apply to hair cells.
The loss of cone outer segments is a common outcome for a number of retinal diseases and can lead to blindness. The finding that miR-183/96/182 cluster expression leads to the induction of outer segments in ES-cell-derived retinal cultures, and that the same cluster is downregulated in several mouse models of the blinding disease retinitis pigmentosa (Loscher et al., 2008) , suggests that reexpression of these miRNAs, either alone or in combination with other factors that keep cones alive (Lé veillard and Sahel, 2010; Punzo et al., 2009; Wen et al., 2012) , could be a potential strategy for outer segment regeneration.
EXPERIMENTAL PROCEDURES Animals
All animal experiments and procedures were approved by the Swiss Veterinary Office. The animals were maintained under a 12 hr light-dark cycle. Conditional DGCR8 knockout mice (Yi et al., 2009 ) were crossed to the cone photoreceptor-specific Cre recombinase driver line D4-cre (Le et al., 2004) , resulting in C-DGCR-KO mice. In D4-Cre line the human red/green opsin promoter drives expression of Cre in cones. To visualize cones, we further crossed C-DGCR-KO mice to the floxed tdTomato reporter line Ai9 (Madisen et al., 2010) (JAX mice B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J, Stock Number 007909, Jackson Laboratory). D4-cre or D4-cre/Ai9 animals served as wildtype controls.
ES-Cell-Derived Retina-like Structure Formation
The retina-like structures from ES cells were generated as previously described (Eiraku and Sasai, 2012; Eiraku et al., 2011) .
Subretinal AAV Delivery
The injection of viral particles was performed as previously described (Busskamp et al., 2010) .
Statistical Analysis.
The nonparametric Mann-Whitney U test was used to compare data. Significance levels are indicated by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. n.s. (not significant) means p R 0.05. The error bars and ± values represent SEM.
Additional information about Experimental Procedures can be found in the Supplemental Experimental Procedures and Table S1 . External links to RNA-seq and Gene Array data as well as serial block-face scanning electron microscopy image stacks are included in the Supplemental Information. 
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